INTRODUCTION
A real -time inspection system has been developed at HEDL for rapid and thorough x -ray inspection of FFTF fuel pins. The FFTF fuel pins consist of sintered UO2 -PuO2 pellets contained in seamless, wire-wrapped 316 SS tubes. Each pin is 0.23 inches OD, and 94 inches long, and is sealed by a cap welded at each end ( Figure 1 ).
The fuel loading in the pin consists of a 36-inch long column of --150 sintered UO2 -PuO2 cylindrical pellets each -0.1945 inches diameter and -0.20 inches long. Two natural UO2 insulator pellets each 0.4 inches long, and an Inconel reflector, 5.7 inches long, are located both above and below the fuel column.
A fission gas plenum approximately 42 inches long is provided in the top of the fuel pin. Within this plenum is a spacer and spring system to keep the fuel and insulator pellets and reflectors compressed.
FFTF fuel pins require comprehensive radiography to assure the quality of end closure welding and pellet condition and to confirm proper assembly. Pellets require inspection for possible cracking or chipping that may have occurred. The fuel column length must be measured so that the neutron flux levels produced in the reactor core can be predetermined. Plenum spring tension and the proper location of neutron reflector material within the fuel pin must be verified. This paper describes a real -time system suitable for such x -ray inspection of FFTF fuel pins. The system has demonstrated reliable operation and capability for high throughput.
II. SUMMARY A. System Description The x -ray imaging system for real-time fuel pin inspection at HEDL consists of an x -ray generating unit and an x -ray sensitive vidicon camera closed circuit video system contained within a shielded test chamber (Figures 2, 3, 4 and 5).
A special x -ray sensitive television camera is used in place of conventional film radiography. The camera employs an x -ray sensitive signal plate in a vidicon camera tube. Generation of the x -ray image allows the radiographic image to be displayed directly on a television monitor in real -time form. A shrouded and recessed screen permits viewing under room light conditions. A test object is translated through the x -ray beam on a precisely guided test bed in such a manner that the radiographic image will impinge upon the signal plate of the vidicon tube. The system provides a capability for efficient x -ray examination at scan rates of approximately 12-inch /minute, with significant magnification.
Both dynamic and static inspection of fuel pin internal components can be made. Rotation of the fuel pin permits a thorough, 360° observation of individual pellets as well as verification of proper assembly of internal fuel pin components. Chipped corners, undersized pellets or cracks can be readily detected.
The vidicon camera and TV monitor provide high contrast and image resolution capability. A 14 -inch TV monitor with a magnification factor of 24x facilitates operator viewing. The 0.230 -inch diameter fuel pin is presented as a 5 -1/2 -inch image on the TV monitor. The combination of high contrast and magnification provide a capability uniquely suited to scanning of the fuel pins. A real-time inspection system has been developed at HEDL for rapid and thorough x-ray inspection of FFTF fuel pins. The FFTF fuel pins consist of sintered UO2 -PuO2 pellets contained in seamless, wire-wrapped 316 SS tubes. Each pin is 0.23 inches OD, and 94 inches long, and is sealed by a cap welded at each end ( Figure I ).
The fuel loading in the pin consists of a 36-inch long column of -H50 sintered UO2 -PuO2 cylindrical pellets each^-0.1945 inches diameter and 0.20 inches long. Two natural UO2 insulator pellets each 0.4 inches long, and an Inconel reflector, 5.7 inches long, are located both above and below the fuel column.
FFTF fuel pins require comprehensive radiography to assure the quality of end closure welding and pellet condition and to confirm proper assembly. Pellets require inspection for possible cracking or chipping that may have occurred. The fuel column length must be measured so that the neutron flux levels produced in the reactor core can be predetermined. Plenum spring tension and the proper location of neutron reflector material within the fuel pin must be verified. This paper describes a real-time system suitable for such x-ray inspection of FFTF fuel pins. The system has demonstrated reliable operation and capability for high throughput.
II. SUMMARY
A. System Description The x-ray imaging system for real-time fuel pin inspection at HEDL consists of an x-ray generating unit and an x-ray sensitive vidicon camera closed circuit video system contained within a shielded test chamber (Figures 2, 3, 4 and 5).
A special x-ray sensitive television camera is used in place of conventional film radiography. The camera employs an x-ray sensitive signal plate in a vidicon camera tube. Generation of the x-ray image allows the radiographic image to be displayed directly on a television monitor in real-time form. A shrouded and recessed screen permits viewing under room light conditions. A test object is translated through the x-ray beam on a precisely guided test bed in such a manner that the radiographic image will impinge upon the signal plate of the vidicon tube. The system provides a capability for efficient x-ray examination at scan rates of approximately 12-inch/minute, with significant magnification.
The vidicon camera and TV monitor provide high contrast and image resolution capability. A 14-inch TV monitor with a magnification factor of 24x facilitates operator viewing. The 0.230-inch diameter fuel pin is presented as a 5-1/2-inch image on the TV monitor. The combination of high contrast and magnification provide a capability uniquely suited to scanning of the fuel pins. The inspection unit was designed for complete and economic radiographic examination of the FFTF fuel pin, and as such, will perform inspection for integrity and dimensional verification.
The capability for 360° examination (infinite number of object planes) and a parallax -free view of the internal components of the fuel pin are the most important advantages over static radiography.
When discontinuities are found to be beyond acceptable limits, the best orientation for viewing discontinuities can be identified and radiographs made of only those areas. Therefore, the thoroughness of inspection is greatly increased and the volume of hard copy documentation reduced.
The parallax -free image is made possible by the precise alignment of the x -ray tube, the object being inspected and the x -ray sensitive camera tube. This feature makes possible accurate dimensional measurement of internal components. These data are important in the study of reactor fuel column profiles.
C. Economics of Real -Time Radiographic Imaging
The real -time imaging system provides a more complete inspection as compared to conventional radiography at about 25% increase in cost during 
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of the real -time imaging system is substantially below that which will be obtained when operators become more proficient.
Movement of the part under inspection increases perceptivity when compared with the static image; and as stated by Battema(1) inspectors report that eye acuity can be developed to a high degree in a period of several weeks.
Also, metallurgical examination of discontinuities will enhance correlation with the visual image on the video screen and also allow further advances in operator efficiency. Thus operators of real -time imaging equipment, after this type of training, should be able to detect discontinuities rapidly and accurately and thus significantly decrease the cost of inspection.
The initial cost was about $80,000 for this unit, which includes $35,000 required for the shielded cabinet and fuel pin handling system.
Ill . DESCRIPTION OF COMPONENTS
The major components of the system ( of the real-time imaging system is substantially below that which will be obtained when operators become more proficient.
Movement of the part under inspection increases perceptivity when compared with the static Image; and as stated by BattemaO) inspectors report that eye acuity can be developed to a high degree in a period of several weeks.
Also, metallurgical examination of discontinuities will enhance correlation with the visual image on the video screen and also allow further advances in operator efficiency. Thus operators of real-time imaging equipment, after this type of training, should be able to detect discontinuities rapidly and accurately and thus significantly decrease the cost of inspection.
Ill. DESCRIPTION OF COMPONENTS
The major components of the system ( A vidicon tube incorporating an x-ray sensitive signal plate provides high sensitivity for inspecting test objects such as FFTF fuel pins. In this detector, a latent image in the form of an attenuated x-ray beam impinges directly on a Pb oxide signal plate. A development program demonstrated that a Pb oxide signal plate has equaled or surpassed the performance of a selenium signal plate in several ways. The Pb oxide proved to be less temperature sensitive to heat from the camera tube and has shown increased object response to lower kilovoltage. The system exhibited no loss in image resolution and has exhibited equal or improved sensitivity to x-rays(2). Replacement of a magnesium face plate with a heat-treated carbon unit on the camera tube reduced the attenuation of low energy x -rays.
B. X -Ray Tube
Inspection of reactor fuel pins requires a rather specialized source of x-radiation. Excitation of the vidicon detector requires large amounts of soft radiation. This requirement led to the selection of a beryllium window x -ray tube because beryllium has a very low absorption coefficient for low energy x-radiation. The work of Stripay (3) indicated that this tube achieves 10 -20% increase in incident target flux as compared to a conventional tempered glass window x -ray tube. Also, when working with an x -ray sensitive vidicon system capable of high magnification, the source of x-radiation must approach a point source configuration. Penumbral shadow produced by focal spots larger than 0.5 mm2 lowered the resolution capability of the system beyond acceptable limits.
A constant potential x -ray unit is desirable for use with real -time imaging systems, to avoid flickering of the video image.
Satisfying the above requirements led to the selection of an x -ray generating unit with constant potential capability, and a new 260 kV x -ray tube with both a beryllium window and a 0.5 mm1 focal spot size.
C. TV Monitor
A TV monitor with 945 raster scan lines represents a significant upgrading over the 525 scan lines of the typical commercial viewing screen. The monitor, recessed in the control cabinet and in a photography cloth enclosure, provides a bright shadow -free image. Figure 6 depicts typical images of various portions of the fuel pin indicating the quality of the photographs and TV monitor images obtained.
The TV monitor and vidicon camera feature high contrast and image resolution capability. Radiographic sensitivities as high as 1.4% were reported by Battema(1).
D. Fuel Pin Handling System
A special fuel pin handling system* (Figures 4 and 5) with a capacity for six fuel pins, translates, rotates or holds a single fuel pin in the * Transport and shielded enclosures were fabricated by Bardel, Inc. to HEDL specifications. 14 active test zone. Rugged mechanical design ensures precise alignment of x -ray and vidicon tubes.
A lead (Pb) covering, ranging from 5/16 to 7/8-inch in thickness, on the shielded test cabinet absorbs stray radiation and maintains safe radiological levels external to the test unit. 
E. Other Electronic Components
Besides the vidicon tube, the camera contains associated electronic components. A transistorized preamplifier mounted on a printed circuit card is located for ready accessibility and servicing. A horizontal sweep generator provides a 1% sweep linearity. Safety sensing circuits detect improper energizing sequence and loss of sweep signal to the deflection yoke.
The main console contains a 14 -inch, highresolution kinescope. Horizontal scan operates with 945 lines /frame at 30 frames /sec. The video frequency response is flat to 30 MHz. This tube is mounted on slides so that it can be pushed back 18 inches at the discretion of the operator for better viewing or to facilitate photographic recordings by a 4 -inch x 5 -inch Crown Graflex camera.
A small oscilloscope provides an instrument for wave form monitoring needed during the system set -up and trouble shooting procedures. It is a dc-coupled, 0 -10 MHz unit with a rise time of 35 nanoseconds and a sensitivity range from 2 mV to 50 V per cm.
IV. COMPONENT DEVELOPMENT
During the conceptual development of this real -time system, we found that suitable x -ray equipment available commercially was restricted to a maximum energy level of 150 kV, far too low for penetrating the materials encountered in the surpassed the performance of a selenium signal plate in several ways. The Pb oxide proved to be less temperature sensitive to heat from the camera tube and has shown increased object response to lower kilovoltage. The system exhibited no loss in image resolution and has exhibited equal or improved sensitivity to x-rays(2). Replacement of a magnesium face plate with a heat-treated carbon unit on the camera tube reduced the attenuation of low energy x-rays.
B. X-Ray Tube
Inspection of reactor fuel pins requires a rather specialized source of x-radiation. Excitation of the vidicon detector requires large amounts of soft radiation. This requirement led to the selection of a beryllium window x-ray tube because beryllium has a very low absorption coefficient for low energy x-radiation. The work of Stripay(^) indicated that this tube achieves 10-20% increase in incident target flux as compared to a conventional tempered glass window x-ray tube. Also, when working with an x-ray sensitive vidicon system capable of high magnification, the source of x-radiation must approach a point source configuration. Penumbral shadow produced by focal spots larger than 0.5 mm^ lowered the resolution capability of the system beyond acceptable limits.
A constant potential x-ray unit is desirable for use with real-time imaging systems, to avoid flickering of the video image.
Satisfying the above requirements led to the selection of an x-ray generating unit with constant potential capability, and a new 260 kV x-rgy tube with both a beryllium window and a 0.5 mm^ focal spot size.
C. TV Monitor
A TV monitor with 945 raster scan lines represents a significant upgrading over the 525 scan lines of the typical commercial viewing screen. The monitor, recessed in the control cabinet and in a photography cloth enclosure, provides a bright shadow-free image. Figure 6 depicts typical images of various portions of the fuel pin indicating the quality of the photographs and TV monitor images obtained.
The TV monitor and vidicon camera feature high contrast and image resolution capability. Radiographic sensitivities as high as 1.4% were reported by BattemaO).
D. Fuel Pin Handling System
A special fuel pin handling system (Figures 4 and 5) with a capacity for six fuel pins, translates, rotates or holds a single fuel pin in the * Transport and shielded enclosures were fabricated by Bardel, Inc. to HEDL specifications. active test zone. Rugged mechanical design ensures precise alignment of x-ray and vidicon tubes. A lead (Pb) covering, ranging from 5/16 to 7/8-inch in thickness, on the shielded test cabinet absorbs stray radiation and maintains safe radiological levels external to the test unit.
The object tray translates six fuel pins over a range of 0 to 36 inch/minute in either a forward or reverse direction. Other horizontal motion includes lateral positioning either left or right at a speed of 12 inches per minute.
The fuel pin may be rotated continuously or indexed in 30° increments for radiographic examination of the internal components and end closure welds. Fuel pins spaced 1-3/16 inch apart on the test tray are examined one at a time.
A rotary encoder monitors the axial position (with respect to the fuel pin) of the tray and indicates precise location of the tray on a bidirectional electronic counter display over the fuel pin length. A five digit readout indicates tray position with an accuracy of ±0.001 inch. The controls and readout of the positioning devices are located on the control panel at the TV monitor console.
E. Other Electronic Components
Besides the vidicon tube, the camera contains associated electronic components. A transistorized preamplifier mounted on a printed circuit card is located for ready accessibility and servicing. A horizontal sweep generator provides a 1% sweep linearity. Safety sensing circuits detect improper energizing sequence and loss of sweep signal to the deflection yoke*
The main console contains a 14-inch, highresolution kinescope. Horizontal scan operates with 945 lines/frame at 30 frames/sec. The video frequency response is flat to 30 MHz. This tube is mounted on slides so that it can be pushed back 18 inches at the discretion of the operator for better viewing or to facilitate photographic recordings by a 4-inch x 5-inch Crown Graflex camera.
A small oscilloscope provides an instrument for wave form monitoring needed during the system set-up and trouble shooting procedures. It is a de-coupled, 0-10 MHz unit with a rise time of 35 nanoseconds and a sensitivity range from 2 mV to 50 V per cm.
IV. COMPONENT DEVELOPMENT
During the conceptual development of this real-time system, we found that suitable x-ray equipment available commercially was restricted to a maximum energy level of 150 kV, far too low for penetrating the materials encountered in the FFTF fuel pins. Additionally, the target material of a vidicon tube requires a high level of bremstrahlung over the full energy range for obtaining a high level of image brightness. At that time, available tubes for operation beyond 150 kV used windows which filtered out a large percentage of the soft radiation.
During this initial development period and while specifications were being prepared, equipment manufacturers were encouraged to develop systems utilizing higher kilovoltage x -rays. General Electrodynamics fabricated x -ray vidicon tubes with target materials which could be excited by x -ray energies higher than 150 kV. Philips Electronics Instruments provided an x -ray tube containing a beryllium window which can be operated at 260 kV continuously.
V. FUTURE DESIGN CONSIDERATIONS
If the high throughput that is anticipated for this reactor core loading ** should make operator fatigue a problem, a proposed solution is the application of color enhancement techniques and electronic conversion of critical gray tones to color equivalents for easier recognition. FFTF fuel pins. Additionally, the target material of a vidicon tube requires a high level of bremstrahlung over the full energy range for obtaining a high level of image brightness. At that time, available tubes for operation beyond 150 kV used windows which filtered out a large percentage of the soft radiation.
During this initial development period and while specifications were being prepared, equipment manufacturers were encouraged to develop systems utilizing higher kilovoltage x-rays. General Electrodynamics fabricated x-ray vidicon tubes with target materials which could be excited by x-ray energies higher than 150 kV. Philips Electronics Instruments provided an x-ray tube containing a beryllium window which can be operated at 260 kV continuously.
If the high throughput that is anticipated for this reactor core loading** should make operator fatigue a problem, a proposed solution is the application of color enhancement techniques and electronic conversion of critical gray tones to color equivalents for easier recognition. Another concept for future design can provide quantitative measurement by computerization of density data. Recordings of the density data might cover a range of 356 gray scales. Similar digitalization of position coordinates of each density measurement would allow real-time analysis of the data for Approximately 16,000 fuel pins. fault condition. In such a concept a machine detects and records the discrepancy and then instantly identifies the fault zone on the monitor screen. An operator need only view the noted defects on the screen and provide a supervisory control of acceptance criteria and not be burdened by sustained viewing as is now required.
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